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SUMMAR-

Heat transfer and pressure distributions have been

made on five vehicle nose shapes in the VKI Longshot free piston

wind tunnel at M-15 and 20. The flow parameters achieved clooely

simulate aerodynamic re-entry conditionu. The models used in

the study were a 500-8o biconic configuration, with sharp- and

blunt-nosed versions and a sharp-nosed version with a machined

roughness, and a hemisphere configuration with a smooth anda

Pand-blast rough surface. These configurations resemble the

stable shapes of turbulent and laminar ablating nose cones.

Preliminary comparisons have been made with ths staGe-of-the art

engineering predictions. Some discussion about the state of

the boundary layer is included,
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1. INTRODUCTION

Many investigations of the heat transfer and pressure

distributions on re-entry nose shapes have been made in the past.

However little experimental data exists on modpls tested in truly

re-entry simulated conditions of high Mach number and high Reynolds

number conditions. Measurements of heat transfer on smooth ahd

rough hemispherical and conical bodies will ai4 predictions of

the performance of ti.e ablation method of heat protection..

A laminar ablating nose takes on a hemispherical stable shape.

In the turbulent case a biconic shape with roughly a 50! fore-

body with an 80 degree skirt is formed after a long period (Ref. 1).

Some of the outstanding problems necessary to predict

ablati'on recession rates, for instance, are involved with not

only verifying the theories used for heat transfer prediction but

also knowing the location of the transition of the laminar boun-

dary layer to a turbulent boundary layer on both smooth and rough

blunt forebodiep.

The current state of the art techniques for predicting

laminar heat transfer rates over nose shapes (Rbf. 1) involve

the use of the laminar stagnation puint correlation of Fay and

Riddell (Ref. 2) with a local similarity solution (Ref. 3), For

turbulent flows then the reference enthalpy method of Eckert

(Ref. 4 ) or Spalding-Chi (Ref. 5) for flat plates is used or a

calculation based on the Vaglio-Laurin (Ref. 6) correlation

which accounts for pressure gradients.

The models used in experimental study are cf two basic

types, a hemisphere and a 500-80 biconic configuration. Both a

smooth and an intermediate (sand-blasted) rougkness curface was

used in the former case. For the biconic shape both sharp- and

blunt-nosed smooth models were tested as well as a sharp-nosed

version with a very deep vaffle-iron-like roughness machined

into its forebody. Heat transfer and pressure distributions were
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measured on these aodels in the HM,20 flow of the V.K#I, Longshot

'.nunel, The aerodynamic conditions in'this wind tunnel nearly

simulate the conditions actually obtained on a re-entering missile

dur3ng its most critical mazcimum heating and decelerition phase.

The temperatures at the outside edges of the boundary

layers formed on these blunt' models are very high, of the order

of:2000-25000 K, compared to the wall temperat're at ambient con-

diz.ions. These aerodynamic condit-ions are beyond those previously

compared with the above-mentioned predictions for heat transfer.

The gas in the boundary layer is in a vibrationally excited state.

Because of the high temperature, the Reynolds numbers on the sur-

face are low, despite the high Reynolds number of the stream.

Under such advanced and realiutic conditibns achieved in these

tests, it will be possible to check the ability of the current
theories to predict the heat transfer rate on nose cones ablatin6

in a high'enthalpy stream. ,

2. _XPHIkENTAL APPARATUS

2*1 Models

Five instrumented models fabricated and supplid by

AVOCO ve~e tested in the Longshot flo-d. Theue models were deri-

vatives of two basic shqpes, one a biconic and the other a hemi-
sphericasl model. The biconic model had a 500 halt-angled cotical

forebody of i. in Surface length and an 80 h&lf-angled afterbody

imading ito a 7 in diameter base. The hemisphere model had a

diameter of 7 int.

The biconic shape was tested in three forma* A sharp-

noted model with a sicoth viall ('called modeX A in this report),

a sharp-nosed model with the forebody roughened with a waffle-

iron pattern machined deeply into the surface (B) and a blunt-

"nosed model (0) "with a nose radius .f 0.75 in and a smooth sur-

face. The hetLsphere was tested in two f6ris. One a smooth nodel (D)

7 A
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V ~and the other a model roughened with a sand-blas,,ed finish ()

Photographs of models B, Cs D and F are shown in rig. 1.

The models were fit~ted with pressure taps and heat

transfer gauges, whose pobitions are shown in Fig. 2 and listed

in Table 1. For each xodel the meriaiun containing the Dressure

taps was at 180 degrees from the meridian containing the hea-1

flux gauges. Becaute o," instrumentation limitations only 10 heatIF
tranefer mea~suremento and 7 pressure measurements could be made

in one Longshot teust

2.2 Heat transfer ins,'"rumdentat ion

The flux gauges were fa~bricated of 0.0C~4 in thick copper

disc bonded to an insulating holder as shown in Fig, 3. A chromel-

alumel thermocouple junction approximately 0.0015 inches in dia-

meter was formed by spot welding the 0.001 inch diameter thermo-
couples to the backface of the copper disc, All gauges were con-

tourad to the local body configuration. The discs had a diameter

0: 0.125 inches excapt for the rough biconic model (B) which had

Zuuges with aisc diameter2 of 0.110 inches.

C41ibration of typical heat flux assemblies were ob-

tained in the 49DO radiant beat flux calibrat-ion fmaility. The

purpoge of the calibraticn wias to obtain, for a giveti set of

standari matterial properties, the gauge assembly effective thick-

niess to N~e used in the heat flux data reduction znalysise Of six

gauges ttated the avertege nominal percent deviation is a reduc-

tion- of 9% in thickneas, although the maximum deviation varied

fron +4.0O% to -12.6% in thickness.

P~r determining the calibration factor of R. gauge, the

following materitl properties, supplied by AVCO, of o-vygen-free

big'" conductivity copper &nd chromel-alumel thermocouples were
used. Th~n values vere averaged over a temperature range -from

29 5 K to 3250K,

FA
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Density w 558 lb/ft 3

Specific heat a 0.915 B.ThU/lb/OF

dT/dV 44.2*F/mV

Using Equation B.2 (Appendix B) the calibration cons-

tant for a calorimeter with a disc of 0.004 inch thick will be

0.752 B°ThoU., m• Taking the 5% reduction in thickness into
ft 2 sec sec

account the calibration constant for aO.004 inch thick gauge used

in the data reduction programme (see Appendix B) was 0.715. Gauges

with discs of differing measured thickness were corrected propor-

tionally to that dimension.

Output signals from the calorimeter gauges were generally

recorded on Tektronix oscilloscopes using Polaroid cameras. Four

channels used some pre-amplification using D.C. amplifiers built

at V°K.I. Two channels used in tests on models A and B were

recorded on a CEC oscillograph after amplification by CEC D.C.

amplifiers. All this instrumentation was calibrated at frtquent

intervals.

Early tests were carried out in Longshot on gauges with

stainlezs steel calorimeters of 0.001 thickness supplied by AVCO.

These tests showed the gauges to be fragile, The heat conduction

losses to the thermocouple wires was expected to cause large

corrections to the theoretical calibrstion. These gauges vere

rejected in favour of copper calorimeters used throughout these tests,

2.3 Pressure instrumentation

The pressure taps mounted on the model had internal

diameters of in and channel lengths of in. The length

of rubber tubgug of internal diameter in connecting the

pressure tsps to the transducer was in. The internal volume

of the total pressure systems was small encough to give a pneu-

=atic response time of less than 1 millisecond.
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2,4 Measurements of the reservoir conditions

The reservoir pressure was obtained using a Kistler

type 6201 gauge mounted in the wall. The signals were processed

and recorded using a Kistler charge saplifier and a Tektronix

oscilloscope fitted with a Polaroid camera,

The reservoir temperature vas measured with a tungsten-

25% rhenium va. tungsten-3% rhenium thermocouple mot=nted in the

reservoir wall, The wire diameter used was 0,010 in with a total

length of approximately 0.5 in giving a response time from 5 to

10 milliseconds. Conduction loss -3 had been assessed in previous

tests by using thermocouples with differing LI/d ratios, The method

of data reduction is described in Appendix A.

Typical traces from all the above-mentioned instrumen-

tation are shown in Fig. 5.

2.5 Schlieren system

An 18 in conventional, single pass Toeplor tchlieren

system equipped with high quality optical components is used.

With the exception of one 24 in plane mirror to bend the light

900 (due to the vicinity of a wall near the test section) the

light beam takes a Z shaped path. A single spark light source
with a spark duration of 1 microsecond is used to record the

visualization of the flow on either a polaroid or a sheet film.

The magnification of the system is approximately 0,25. A grid

made of nylon line at 1 cm intervals is placed at one of the

observation windows, A grid is thus placed on each schlieren

photograph. The lines are slightly out of focus, since the

schlieren system is focused on the model,

_ _ I
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2.6 The Longshot wind tunnel

The teits were carried out in the VKI Longshot free-

piston wind tunnel (Ref. 7). A photograph of this facility ig

shown in Fig. 3. Longshot was designed by Perry and his asso-

ciates Qt Republic Aviation specifically for the attainment of

very high Reynolds number at high Mach numbers. It differs from

a conventional gun tunnel in that a heavy piston is used to

compress the nitrogen test gas to very high pressures and tem-

peraturer. The test gas isthen trapped in a reservoir at peak

conditions by the closing of a system of check valves as the

piston rebounds. The flow conditions decay monotonically during

10 to 20 milliseconds running time as the nitrogen trapped in

the reservoir flows through the nozzle into the pre-evacuated

open jet test chamber. The maximum supply conditions cuzrently

available are 60,000 psi at 24000 K. Nozzle throat inserts giving

nominal Macb numbers of 15 and 20 at the nozzle exit of 14 in

diameter were employed in these tests.

The rough-hemisphere model is shown mounted in its

teat position in the Longshot working section. The shroud mounted

around the model is placed to prevent disturbances arising from

reflections of the flow from the back wall of the dump tank.

The shroud has been proved to be effective in preventingdistur-

bances in the test section occurring before 40 milliseconds

after the peak conditions. Such disturbances were mentioned in

Ref. 8. The channel sections attached to the shroud lead to the

schlieren observatiou windows. The model is shown mounted on a

sting attached to a quadrant traversing system.



3. TEST CONDITIONS

The test conditions were computed for each run using

the Longshot data reduction programme (outlined in Appendix A).

Table 2 summarises the tests carried out in Longthot. Measured

reservoir conditions and Pitot pressures at peak conditions are

given, Also tabulated are the calculated conditions of Mach

number, Reynolds number, dynamic pressure aud stagnation point

heat transfer on a 7 in diameter hemisphere. Three basic test

section conditions were used throughout. These were a high and

a low Reynolds number case at M-20, and a high Reynolds number

case at M=15. The low Reynolds number case, however, was repea-

ted at several slightly differing conditions. This was done since

this conditions was tried for the first time during the tests,

and it was wished to make sure that the lowest Reynolds number

was achieved without condensation occurring.

It is seen that there is reasonable repeatability in

the data. Any discrepancie3 are as nuch due to the compression

cycle (since the pressure 4eveloped is very sensitive to the

barrel pressure) as the scatter in measurement, The temperatire

is probably the least accurately measured. Some difficulties

occurred with the Pitot probe, since in the Mn20 runs, the probe

was located very close to the nozzle turbulent boundary layer.

In some cases this measurement is suspect.

Fuller details of the test section conditions are given

for selected runs for each set of conditions (TMble 3). The sym-

bols and units are explained in Appendix A.

iI
m i__-_
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i, RESULTS

All measurements of the peak values of heat transfer

and pressure are tabulated in Tables 4 to 7 and Tables 8 to 11

respectively. Schlieren photographs of all tests are show- in
Fig. 8. The results from each model configuration will be iis-

cussed in the following sub-tections.

4.1 Pointed smooth biconic model (A)

Examaintion of the schlieren photographs of Runs 204

to 210 show that the bow shock remains attached to the nose for

all cases. For the zero angle-of-attack cases, the ahock wave
angle is approximately 7.50 to the surface which agrees to within
10
-i to the theoretical results. This indicates that the flov is
supersonic behind the shock.

At the a-t10 cases the shock shape again agrees with

the theoretical cone tables of Jones (Ref. 9) to within 7 . This

is in spite of the fact that the tables have been extrapolated
to such an extent that they give subsonic conditions on the wind-
ward surface. On the leeward surf,ýcc, The flow is predicted to

remain in a supersonic condition. (It is interesting to note that

for 8 ),20*, the shock angle to the surface increases with increas-
ing 8 at these high Mach numbers, a reversal of trend found atc
low 8 . This is due to the rapid increase of static temperaturec
on the cone surface with increa:'ing 6 .) This means that betweenC
the windward surface and the leeward surface, the flow goes from

subsonic to supersonic conditions, probably through a sonic line

similar to the flow around a yawed cylinder. The luminosity of
the flow seen on the windward surface of these bodies is due to

slight coutaminants in the flow.

Figures 9 to 14 show the reduced pressure data in terms

of the pressure coefficient c - p/1 0V2 . Here the dynamic pres-
p 2

zure, -L pV 2 , at the nose position is used. The results are shown
2

I

-~ x
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conpared to the tangent-coue and Newtonian theories in which the

correctiona outlined in Appendix C are zarried out. The value of

c for the two theories for a 500 half-angle cone in a parallelp
flow is given br that value at which the theories crost `,he s-O

ordinate. The results are seen to agree within a few percent with

the tangent-cone theory which itself is roughly 5% above Newtonian

theory. Exceptions a.re seen in Runs 209 and 210 it which the first

and third gauges give low values. It is thought that this is

caused by non-linear calibratioa curves (see section 2.3). The

resultA for measurements from 0 to 10 sees after the peak are

presented in these figures.

Fig. 15 show the heat transfer rates at peak conditions

plotted against local Reynolds number for the zero incidence cases.

Three dLfferfnt heat transfer predictions are compared to these

results. These are the Eckert reference enthalpy laminar theory,

the Sommer and Short reference enthalpy and Spalding-Chi turbu-

lent theories. The formulae used in these predictions are listed

in Appendix C. It is seen that all the theories agree reasonably z
well with the experiments. The trend however is best predicted I

by the laminar theory. Also the turbulent theories do not compare
well with each other. The flow conditions an the surface of the

cone as shown in the read out of the program at the end of Appen-

d1i. C are Ma1.45, T%-2280 0 K and Reynolds number based on the gene--

rator length, 1.15x10 5 . The Reynolds number is low essentially

because there is a large increase in temperature of the flow over

the free-stream condition with only a small change in density.

The temperature is high enough that the gas at the edge of the

boundary layer is in a vibrationally excited state. Furtherrare

these conditions are well outside the range of conditions that

these engineering theories were correlated. Even though the turbu-

lent thnories are as close to the experiment as the laminar theories,

since the Reynolds number is low and the trend is better predicted

b7 the Eckert theory, the boundary layer is more likely to be in

a laminar state. Further discussion of this topic is aiven in

section 4.3 involved with tests on the blunt cone.

!

I _______________ ___hE v1-- - -
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Figs. 16 and 17 show the effect of incidence on the

heat transfer rate. The agreement with laminar theory is fair on

the "leeward" surface but poor on the windvard surface. However

as mentioned earlier, the extrapolations of none tables to these

"concitions are particularly severe and makes meaningless anr
attempt at making conclusions.

'..2 Pointed rcugh biconic model (B)

The heat transfer distributions on the rough model are

shown plotted in Figs. 18-20. It is seen that there is a consi-

derable scatter of data along the model. The scattered heat trans-

fer rates &nd pressure measurements (shown in Fig. 21) obtained

with this model indicate that there ;- appreciable viscous-invis-

cid interaction of the flow over the sensors, which are buried

below the tops of the roughness elements. The low values, for
instance, could occur if the sensors are in a separation region. T

Excluding these low values, the results show a definite trend

towards the turbulent boundary layer theories. This is particu-

larly seen in the test at M=15 (Fig. 20) in which the laminar

and turbulent theories are more separated.
N

Several interesting features can be seen from the

schlieren pictures of Fig. 8, Runs 211 to 214. In all cases, the - •

bow shock remains attached to the nose. Shock waves emanating

from the roughness elements can be seen in the shock region of

Run 214. This M415 case gave higher density levels than the other

cases, allowing the gradients to be seen more clearly.

4.3 Blunt smooth biconic model (C)

Fig. 22 shows the reduced pressure data in terms of the

pressure coefficient c for the peak values of each of Run 2814

to Run 287. Shown plotted are the theories of Belotserkovskii

(Ref. 11) for the spherical nose, and the tangent-cone theory of

Appendix C for the cone surface. A dotteC line shows the probable

pressure variation after the overexpansion region aft of the nose.
I|
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It is seen that the pressure recovers from the overexpansion

near gauge number 4. The data for the zero incidence case and

the leeward surface agree very well with the predictions shown.

Hovever, for the windward case, the measurements are somewhat

lover than the tangent-cone theory. This could be caused by the

high cross-flow on this surface, enhanced by the subsonic flow-

field.

Fig. 23 shows the reduced heat transfer data, non-

dimensionalised by the measured stagnation point heat transfer

predictions for the zero-incidence cases, Run 284 and 287. The

results are compared with the laminar similarity theory of Lees

(Ref. 3) uncorrected for conicity effects and also the Eckert
reference enthalpy method. In these cases, the experiments agree

vell with these laminar theories. Also the stagnation point heat

transfers for these cases agree well with the theory of Fay and

Ridlell (Ref. 2). This lends support to the supposition that the

data on both the blunt and pointed cones are in fact laminar.

The heat transfer data for the yawed cone is shown in

Fig. 24 compared with a line drawn through the unyawed cone data

of Fig. 23. It is seen that the heat transfer rates for the wind-

ward side are much closer to the zero angle of attack results

than those measured on the leeward side. This is a similar trend

as seen in the pressure distributions of Fig. 22.

The schlieren photographs in Fig. 8 for Runs 284 to 287

show similar effects to that seen in the photographs for the

pointed body except in the now detached shock tt the nose. Simi-

larly the shock shapes suggest that supersonic flow is found on

all surfaces except the windward surface.

z r I
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1.1 Hemlishere models (D.E)

F-igure 25 shows the distribution of pressure non-dimen-

sionalised by an estimated stagnation pressure for all five tests

on smooth and rough hemispheres and compared with the theory of

Belotserkovskii (Ref. 11) corrected for conicity. It is seen that

agreement is excellent. The Pitot pressures have been plotted as

the hemisphero stagnation point value. It is seen that these pres-

sures are about 5% higher than suggested by the hemisphere data.

These high readings may be explained by the Pitot probe sensing

the pressure in the "overshoot" region of the nozzle turbulent

boundary layer region ac measured in Longshot previously in

Ref. 12. This can explain th; high degree of scatter obtained in

the measurements of Pitot pressure.

The heat transfer measurements for the smooth hemisphere

have been compared with the similarity theory of Lees (Ref. 3)

corrected for conicity and with a rough correction to align the
i theory with the pressure curve of Belotserkovskii (Ref. 11) instead

of Newtonian theory (Fig. 26). The measurements were non-dimen-

sionalised with respect to the theoretical value of heat transfer

rate of Fay and Riddell (Ref. 2). Within 30 degrees of the stag-

nation point, the measurements are seen to be considerably higher

than theory. These results are in disagreement with earlier mea-

surements on a wooden hemisphere model at M-15 reported in Ref. 8

and with the measurements on the stagnation point of model C.

A possible reason why the wooden model results gave a different

result than in these tests is that the calorimeter gauge was not

contoured to the surface. It was assumed at the time that for

these large model radii, the disc contouring becomes unimportant.

However this discrepancy io putling. The differences are too

great and are too coincidental to be explained by uncalibrated

gauges. These gauges also appeared not to be damaged or eroded

during a shot. Possible suggestions are tunnel contaminants or

free-stream turbulence, although this does not explain why such
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good results were obtained with the 0.7O5 in radius nose of model C.

After 30', then the results agree very well i*ith the similarity

theory of Leet, thus indicating thet the flow is laminar.

Fig. 27 shows the results of the rough model aisplayed
in a similar fashion to the smooth model data. Again very high
stagnation point heating rates are obtained. High heating rites

are seen also generally around the cone, which could be ascribed

to either turbulent flow or laminar flow undergoing mixing by

the roughness without going turbulent. The highest relative heat
transfer rates are found in the M015 case. This is the mo5t likely
case that turbulent flow could be promoted.

The shock stand-off distances from the nose of model.'

C, D and E, as measured from the schlieren pictures of Fig. 8

are shown plotted in Fig. 28 and compayed rit -he theory of

Van Dyke as presented in Ref. 19. The comparison is shown to be

very good.

[ A'
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5. CONCLUSIONS

Tests have been carried out on 3 biconic and 2 hemi-

sphere models in an M=15 and 20 flow in the VKI Longshot. The

data has been compared, preliminarily, with simplified theories

to assess their quality. The following conclusions can be male

from the comparisons.

1. Pressure data un 500 *ones and hemispheres agree

very well with tangent-cone and the Belotserkovskii theory res-

pectively. An exception was found on the windward side of the 50*
blunt cone when lower pressures than expected were found. This

vws probably caused by crops-flow enhanced by locally subsonic

flow bahaviour, or due to the severe extrapolation used in the

theory. MM

2. High quality and spatially smooth heat transfer

data wos obtained on all nodels except the very rough biconic

model. There is some doibt as to whether the cone data is laminar

or turbulent due to the similarity in predictions of laminar ad ;M

turbulent theories at the Tiongshot flow conditions at Mn20. The

evidence veigis more heavily with the presence of laminar flow

due mainly to the better prediction 4n trend of the experimental

results by the Eckert reference enthalpy method. Heat transfer

measurements on the rough models give good indications that

transition to turbulent flow* has occurred, especially in the

1M=5 cases.

3. Stagnation point heat transfer on the blunt cone

agreed very well with Fay and Riddell, but some discrepancies

have beeo found with the T in hemisphere resultz.

S. 8h-c shapes on the conical models and shock stand-

off distances from the spherical caps of all the blunt-nosed

models agree very well with predictions.

- -
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A general conclusion is that useful lamuain and tuzbu-

lent boundary layer beat transfer, presture %nd flow visualiza-

tion data has been achieved on nose shapes in a flow sinulatýng

aerodynamic re-entry conditions.
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APPENDIX A

A Short Description of the Longshot

Data Reduction Programme

A computerised data reduction programme has >-een devised

by Richards, Culotta and Enkenhus and is in general use in Longshot.

The details will be written up in a future report. It is appro-

priate to give a brief description of the method in this report

for understanding the -esults.

In attaining very advanced test conditions, which simu-

late re-entry flight, the Y.K.I. Longshot free-piston wind tunnel

diiplays some unusual features. During a test, dense real nitrogen

i: trapped in, and allowed to escape from, a constant volume

reservoir into a conical nozzle to provide a high Reynolds number,

high Mach number test flow. It has been shown theoretically and

experimentally (Ref. 13) that the reservoir and test section para-

meters measured in Longshot can be described accurately by an

expoaential decay function, f, of the form :

exp (aO + a&t + a 2 t 2 ) A.1

where t is the time in milliseconds from the peak value of f.

All the measured reservoir and test section pressures

and heat transfer rates are curve fitted to this formula using

a leant-squares method (Fig. A.1). The differences between the

measured and re-generated values using equation A.1 are found

to be within reading error.

The supply temperature is measured with 4 thermocouple

with a long time response Use is made of a formula which connects

the temperature explicitly with supply pressure (see Ref. 13)

Actual -- aces of reservoir pressure and temperature and Pitot

and wva. pressures are shown in Fig. 5.



-A 2-

as it decays from a constant volume reservoir to calculate the'

temperature variation backwards in time frcm a time when the

thermooouple is assessed to be giving the true temperature

(Fig. A.2). Conduction losses from the wire and radiation losses

from the gas are taken into account to assess the true supply

temperature. This difficult temperature measurement will be the

object of a furthe-r future report by Richards and Enkenhus.

The test gas expands from the reservoir until it becomes

a perfect gas in the test section, The density of the gas during

the early stages of expansion is high enough that freezing of the

internal energy modes does not occur and thus the expaneion can

be considered as being in equilibrium. A concept of equivalent

perfect supply conditions, described in Ref. s is used to faci-

litate the calculation of the test flow parameters,

Supplying the basic recorded oscilloscope or oscillo-

graph deflections and instrumentation calibration data from

Longshot's fast response instrumentation, the programme can cal-

culate supply pressure and temperature, Pitot pressure and sur-

face heat transfer and pressure on models, If the two supply

conditions end a test section Pitot pressure is supplied, the

p-ogramme calculates the free stream conditions including Mach

number, Reynolds number and dynamic pressure (as described in

Refs 14), the stagnation point heat transfer (Refs 1 and as in

Appendix D) and the test gas con4eneation temperature (Ref. 15),

A typical set of data obtained in this present series

of tests is shown cn the next few pages.

The first part of the programme for each measurement

gives the calibration constants and the trace deflections, Y

divisions (cm or mm) at equal time intervals (as indicated by T)

from an easily identifiable position on the trace. Y RAW gives

the raw data, Y CORR the smoothed data, Except in the case of

the reservoir temperature, the difference between Y RAW and Y CORR

is seen to be very small. Comparison of I RAW and Y CORR urder

_-~ AM
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reservoir temperature illustrates the extrapolation method used,

The values agree at the later times in the runs, when the thermo-

couple has reached its equilibrium temperature, Lat deviate

vastly in the early times shoving the slow response of the thermo-

couples This difficult measurement is the least accurate of those

made in the Longshot, but is considered to be within an error of

The second part of the programme ("quantities measured

in Longshot") suxuarises all the measurements at times from the

peak measured conditions using the appropriate curve fit of the

actual data to rquation A#1, If a Pitut pressure, pt., is given

then for the wall pressures an extra row, YP is given which gives

tLe pressure non-dimensionalized to the dynamic pressure, 1/2 pV 2 ,

which is itself approximated using the formula :

1/2 pV2  0,543 pt2

This formula is true for a perfect gas at hypersonic speeds, but

the Pitot pressure measured in Longshot is different from a per-

fect gas value by about 1% (the actual correction is given in

Fig. of Ref. ) due to the gas being vibrationally excited

behind the normal shock wave formed ahead of the Pitot probe,

Thus V) is approximately 1% lover than the true value. This is

well within the limits of the measurements and since it is used

only as a rough guide, it has not been thonght necessary to make

] the correction.

The third part of the programme ("Longshot test condi- 9

tions") reads out at the time intervals from the peak the follow-

ing variables : measured reservoir pressure, PO (psi); measured
reservoir temperature, TO (°K); measured Pitot pressure, PITOT
(psi); calculated Mach number; equivaleut perfect preseure, POP

(psi); equivalent perfect temperature, TOP (MK); Reynolds number

per ft; local freestream pressure, P (psi); freestream tempera-

ture, T (M); freestream density, RHO (slugs/ft 3 ); stream velo-

cit-, V(ft/sec); dynamic pressure, QD (lh/ft 2 ); stagnation point

J
Ai
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heating on a ' in diameter spherical surface, Q (Btu/ftasec);

true stagnation temperature, TT2R (°K); and the temperature at

which condensation would occur at that free-stream pressure and

expansion rate, CONDENSATION (°K). These parameters adequately

define all the parameters necessary for application to predictive

procedures, Care should be taken in that the accuracy of the

values printed out should not be inferred from the six signifi-

cant figures shovn. The accuracy is controlled by the accuracy

of the measurements inferred in section 2.

iO
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LONGSHOT TEST CONDITIONS, RUN NO.286 AT 7.5, IN..FRnM NOZZLE EXIT,
AND 4.6. FROM CENTRELINE

T(MS) PO(PSI) TOWK) PITOT(PSI)
MACH NO POP(PSl) TOP(K) RE/FT
P(PSI) T(K) RHO V(FT/SEC)

QD(LB/FT**2) Q(BTU) TT2R(K) CONDENSATION

0.0,00 0.5.93082E 05 0.2.41827E 04 0.776414E 01
19,6.06 0.201402E 05 0.312127E 04 O.Z91117E 07

0 1494OE-010. 0.3.8434E 05 0,263724E 04 0.2730514E 04

0.599180E 03 0.6.79880E 02 0.267115E 04 0.356669E 02

92,O00 0.5.35447E 05 0.233888E 04 0.721249E 01
19..786 0.6253956E 05 0.298451E 04 0.286180E 07

0.1.10878E-01 0.376368E 02 0.168572E-04 0.812057E 04

0.5.55816E 03 0.4621383E 02 O.Z22752E 04 0.354772E 02

1.0.00 0.3-87051E 05 0.226723E 04 0.571268E 01
19.503 0.5,62846E 05 0.286415E 04 0.281271E 07

0.1132779E-01 0.3.66010E 02 0.163412E-04 0.79522SE 04

0.5.16987E 03 0.5.70995E 02 0.241631E 04 0.3.52868E 02

1E.d00 0.3.46367E 05 0.220278E 04 1.6,25931E 01
19.5.48 0,511102E 05 O.Z74850E 04 0.276314E 07

0,1.25120E-01 0.356260E 02 0,158201E-04 0.780597E 04
0.,.81915E 03 0.5.21421E 02 n0.32612E 04 0.350941E 02

81.000 0.312161E 05 O.Z19502E 04 0,584751E 01
19.4.72 0.3.68139E 05 0.266583 E 04 0.271532E 07

Q0.917817E-01 0.3.26957E 02 0.152q57E-04 0.767324E 04

0.30297E 03 0,..89543E 02 0.225048E 04 0.3.48982E 02

179A99 0.383440E 05 0,209354E 04 0.547325E 01S19A•27 0.4.33561E 05 0.258418E 04 0.266766E 07

0.2.10799E-01 0,337869E 02 .127719E-04 0.755459E 04
0.,.21530E 03 0.456433E 02 0.218561E 04 0.346977E 02

12.000 0.3.5940gE 05 0.204792E 04 0.5132562 01
19A•08 0.404735E 05 0.151266E 04 0.262216E 07

O.LO4l2OE-01 0.3.29141E 02 0.142496E-04 0.744922E 04

0,3.95162E 03 0,4.27362E 02 0.112958E 04 0.334944E 02

Sl4°aO0 0.3.39418E 05 O.ZO0Ta6E 04 0.482216E 01
S19A•15 0,3.81018E 05 0,245053E 04 0,257739E 07

H0.,D77699E-02 0.320768E 02 0.137297E-04 0.735657E 04S0.3715S21E 03 0.A02118E 02 0.7.08123E 04 0.342885E 02

S16,000 0,3.22954E 05 0.1973n6E 04 0.4.53910E 01

19.4.48 0.,•61691E 05 0.139712E 04 0.253328E 07
0.9.17379E-02 0.3.12737E 02 O.1-32135E-04 4.727612E 04
0.3.49775E 03 0.3.79965E 02 0.2-03977E 04 0.3408AlE 02

17.999 0.3.09603E 05 0.194327E 04 0.4.28072E 01 i

29.E06 0.3.46176E 05 0.235189E 04 0.248973E 07 la

TURB. -0,4995E-nl 0.4794E-03 STAG -. o.560E-01 0.5.07E-A3
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APPENDIX B

Data Reduction of Calorimetric Heat Transfer Data

As in the previous appendix, this data reduction pro-

gramme has been perfected in the last few months this time by

Culotta and Richards and will again be the subject of a future

report.

Calorimeter gauges are construcbed of a thin disc of

copper bonded to an insulated holder. Thermocouples with a wire

diameter smaller than the thickness of the disc are bonded (either

welded or soldered) to the back face of the copper disc. The

thermocouple senses the average temperature rise of the disc as

it heats in the test flow. The heat transfer rate, q, can then
S~be determined from the following equation:

dVq kd Bo1

where k is the gauge calibration constant
c

dV/dt is the slope of the thermocouple output variation

with respect to time.

The calibration constant, k is best determined expe-

rimentally using a rapidly applied and calibrated heat source.

However, it can be calculated from knowledge of the calorimeteriA
thickness (b), the density (p ) and specific heat, (cd) of the

disc material and the thermocouple response parameter dT/dV*

using the following equation :

• dT
k ub pd 0 d-W B.2

It must be assumed however that there are no heat

conduction losses to the holder or to the thermocouple, the disc

thickness is not changed bythe welding or soldering of the thermo-

couple, the temperature is uniform over the volume of the disc.
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The order of magnitude of the time constant, T, for

the calorimeter may be assessed from :

ded'b

where K is the thermal conductivity.

For the testing of a model at rest in a steady flow,

equation B.1, is simple to apply for calculating the heat trans-

fer rate from the raw thermocouple output data, The heat trans-

fer rate would be expected to be constant and thus the output

will vary linearly with time. It is a simple matter to make a

linear least error fit to the data points to achieve the measure-

ment. The method depends upon an assumed knoledge of the vari-

ation (but not the level) of the heat transfer with time. in this

case it remains constant.

For varying flow conditions alternative methods must

be found. More usual methods are to make a polynomial curve fit

to the raw data and then to differentiate the formula thus ob-

tained. Often poor results are obtained. If a large order poly-

nomial is chosen although an accurate curve fit to the data is

achieved, the derivative can fluctuate wildly about its true

variation due to very small errors in reading the data. If a small

order polynomial is chosen to eliminate these effects, there is

"a risk of losing important detail. In general, differentiating

"a polynomial curve fit to data is usually unsatisfactory.

A new data reduction technique has been devised which

uses an extra piece of information to allow the reverse, but more
accurate process of the integration of equation Bo1, The extra

information is the knowledge of the variation (but again not the

level) of the heat transfor rate, given in the form of Equation

A.l, calculated from the calibrated test section from the Longshit

data reduction programme (Appendix A). Three engineering calcu-

lations of the heat transfer rate (i.e. the laminar and turbu-
lent heat transfer rate at a fixed position on a flat plate and
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the stagnation point heating rate on a sphere), are made in this

latter programme, and the coefficients a1 and a 2 of equation B1l

are determined, These are read out at the very end of the programme
as shown in Appendix A. Trial values of the heat transfer at zero

time (qt.O , fto0  eaO) .. re made and equation Bel is integrated

with this complete information for q. The calculated transient

temperature variation thus obtained is compared with the measured

thermocouple output. The value of q(t-O) that provides the best
comparison of the temperature variations is considered the correct
value. The remainder of the variation of q with time is then cal-

culated and read out. The numerical integration is carried out

using a Runge-Kutta-Gill-Simpson routine and the search proce-

dure used converges very rapidly.

The above technique is analogous to thb ýathod described
above for dealing with constant heat tr::=er data, To suLmarise,

in both methods an Pssumrtion i1 made about the variation (but

not the level) of the required parameter , in this case the heat
transfer rate. There is no reason why this method cannot be ex-

tended to data achieved from more complicated unsteady tast
section conditions than in Longshot when an appropriate equation,

analogous to equation A.l, must be used to describe the heat

transfer variation.

To illustrate the technique a typical output from the

computer is shown later. A91 and A.2 are the coefficients defining

the slope and curvature data as read from the last line in the
Longshot data reduction programme for the appropriate cace (i.e.

stagnation, laminar, turbulent heat transfer case). K! and K2 are
the oscilloscope calibration in mV/cm or mV/mm and the gauge

B.Th.U. mYcalibration in -Th.U. / -ec . QO is the value of heat transferft 2 sec sec

rate in B.Th.U/ft 2 sec at zero time at each iterat.,n step until

convergence is obtained, (It is seen that convergence is reached

almost immediately). Q(Tl) is the final value of heat transfer

rate at zero tire (peak value). T is the time from peak condi-
tions in msecs. Y EXP is theneasured oscilloscope deflection
(cm or am). Y CALC is the equivalent calculated value with the



best fit to the seasured data AS outlined above, ERR is the

difference betveen Y EXP and Y CALC. (This yalue is genn'lý1ly

within reading errors as caA be seen in the example). Q is the

heat transfer rate (B.Th.U.!ft 2 sec) at time T. For Q(TI) then

since the calculation starts at T 0 0, then ERR 0 0.

I

DATA REDUCTION OF CALORIMETER HEAT TRAtNSFER GAUGES, RUN 286, GAUGE 0

Ala-0.4.9980E-01 A2- 0.48050E-03 Kla 0.10100E 00 K2= 0.73200E 00

QO. 0.149792E 03
QOa 0.149792E 03
CONVERGENCE

Q(T1) 0.14979E 03

T y EXP Y CALC ERR Q

2.000 0.5.2000E 01 0.52586E 01 0.58643E-01 0.13580E 03

14.00 0.9.1000E 01 0.87635E 01 -0.33643E 00 0.12359E 03

6.000 0.12000E 02 0.11959E 02 -0.40557E-01 0.11291E 03

8.000 0.14900E 02 0.14•84E 02 -0.15230E-01 0.1035SE 03

10.000 0.17500E 02 0.17572E 02 0.72757E-01 0.95345E 02

12.000 0.20000E 02 0.20052E 02 0.52177E-01 0.88118E 02
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AP:-INDIX 0

Prediction of Rest _ra__f_ Rate

on a Sharp 50 Half-Ange Cone

"A computer programme vas written by Richards &rd

, 5echten to eatimate the laminar and turbulent flow over a 50*

half-angle cone in a hypersonic conical flow, The equations used

are described below,

1. Calculation of the test section conditions

The initial data of the equivaleut perfect supply

conditiora (T 0 )perf and (D0 )perf and the Mach number at an arbi-
trary, but knovnposition, in the tunnel are supplied as basic

input data to the programme. These Talues are obtained from tfie

Longshot data reduction programme.

The test section conditions can then be obtained using

the pdrfect gan relations :

T, - To(l + X2/5)' (OK) C1l

Pi =O(l + M2/5)_/ 2  (lb/mi2 ) C.2

PI RT- (slug/ft 3 ) C93

Sa - v'T (%t/sec) C.A

-u MaS (ft/sec) C.5

93.-527 T?/2 lb
(a- ) c,6 4

e --...-. (ft") C..G
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2. Calculation of inViscid flow over a cone

The cone tables of Jones (Ref. 9 ) for ynl.& were used

t6 determine the conditions on a cone. For various angles of

Itteek, the tables givelthe parameters :

U a p p 6
Sc plu• sin1 0 c

as functions of X and 8 * Here the subscript c denotes the con-

ditions on the cone surface and subscript s the conditions at

the shock. The range of applicability of Ref. is i;.5 < < < 20

and 50 <'c < 400# This means that for the model under test,
c

extrapolations had to ie made from 0 14001to 500.

The tabulated values of the parameters listed above

were fitted-to a quadratic ;pover series vith M and 0 as the

independent variables. The over series vws c
S I .

' - 1 +A2 8+A3 02 +(AS.^Se.+A6 e 2 )K +(A?+A 8 0,+A9 e2 )32  C.8II

The coefficients A, *... A9 rere obtained by initially fitting

quadratics to three sets of data In one of the independent

Yvariables. The latter coefficients thus obtained were t-.en cross

fitted to quadratics in the. other independent vatiable to obtain

tie final values of the coeffi.ients, A1 o.'. Ag. The technique

is in effect a tvlo-dimensional interpolation procedure.

Three subroutine' were made each for the case of m0O

and GuilO° (called SLE1, SLE2 and SLE3 respectively).

The pressure on the cone as calculated in this fashion

gives the tangent cone value.-The modifipd Newtonian value of

pressure is given by plUlsin 2 (e+Q).

' I
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3. Calculation of conicity effects

Two primary corrections ar.; necessary to account for

conicity. One is based on one-dimensional flow considerations,

the other on two-dimensional flow considerations.

Regarding the first correction, consider a hypersonic,

conical, perfect gas flow. The energy equation for this flow is
2

ho c T1 + UI/2 C.9
p

where h0 is the reservoir enthalpy and c is the specific heat
p

at constant pressure. 1

For hypersonic flow C T1 is very small compared to
h 0 , and thus ul becomes nearly constant. Most of the internal

energy has been converted to kinetic energy, and the change in

Mach number comes mainly from a change in T1, hence g

change in a 1 .

The continuity equation (p 1,UA u constant, where A is

a stream tube area) then gives an expression for the density

variation, p, at any streamvise position, x, in a conical flow

field

- a-1 C.1O

where a *A* (+ A-) C.11
Al Ln

here subscript 1 refers to conditions at a reference position,

L is the distance from the source point to this position.
n

Assuming an isentropic expansion : PiP -Y

Equation of state : T/Ti a alY C.12

Bound speed : a/a& , a C.13
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Mach number 1M/Mi a 2 C.I1

Equations C.10 to C.I1 can then be used to calculate the stream

conditions at any longitudinal position in the expanding flow, A

knowing the conditions at another position. Refs, and

have shown that the Longshot flow in the nozzle is truly conical

with its source point located at the nozzle throat.

The second correction factor to account for conicity I
arises since the flow angle changes by an angle, Am a tan- 1 ---yL +x •
at a distance y, from the centre-line of the nozzle,ad x dovR-

stream of the reference plane.

The application of these two corrections to determine

the conditions on an arbitrary position on a cone are carried out

using the interpolation equations (C.8) from the cone table data

using the following information for the basic parameters M and

0 and for the other freestream parameters. The freestream con-e
ditions (including M) are taken as those that would exist at

the same position in the test section if the model were removed.

The cone angle to be used to apply the interpolation equations

is taken to be 0c - Aa. (For a model at zero incidence, referred

to the nozzle centre-line, the correct application of the tables

should be by using the values obtained on a cone of half-angle,

Sc' at an angle of attack Am. However little improvement would

be made for this interpretation, since Am is small compared to

o ). The method has been shown to work well in the results and
c

discussion of this report. The success is due to the closeness

with which the bow-shock lies to the surface of the cone.

Sh Heat transfer rate predictions

Laminar

Tha Eckert reference (intermediate) enthalpy method

is used (Ref. 4). The reference temperature, T is given by :

T*- T + 0.5 (T - T ) + 0.22 (Tr - T) C.15
c w c r
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The equivalent perfect value of Tr is used in the cal-

teculation and hence the application of equation C-15 is equivalent
|to applying the reference enthalpy method. T ris obtained from:

T *T + r u2 /2c c.16
r C ~c p

where r is the recovery factor having a value of P 0.5 and Prr
is the Prandtl number takento have a value of 0.715.

The incompressible skin friction formula used wasthe

Blasius equation :

"cf 0.664/4e C-.17f'

where ef is the local skin friction and Re is the Reynolds

- I number at station a.

The heat transfer rate can then be calculated from :

fc
q uPuc -. kR (Tr -! L) C.18

where p is the density atthe edge of the boundary layer calcu-
lated at the reference temperature Tt, u is the velocity at

c
tht edge of the boundary layer, kR is the Reynolds analogy para-

meter, and (T - T ) is the driving temperature for the equation,
r w

c is the skin friction at reference temperature conditions.

For laminar flow, k is normally taken as pr-2/3
R

and ths skin friction coefficient,. is calculated from equation 17.

In this equation, the Reynolds number iz given by :

P u
Re - (Res) + -As C.19+- •c c

s k~tsn-l PC .

k is the Mangler tra.,formation factor, used to transform a skin

friction law from a two-dimensional to an axisymmetric case (the
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c 6

flow over an axisymmetric body has a thinning action on the

boundary layer), kM has a value of 3 for laminar flow.

The term in the brackets is an accumulative Reynolds

number, used in this varying flow field. (Re ) is the accu-
n-l

mulative Reynolds number at the last computation step, As is

the step size. p and II are the density and viscosity of the
+

flow on the cone calculated at the reference temperature. vi

is given by e4uation C.6.

Turbulent

Two theories were used : the Sommer and Short refe-

rence enthalpy method (Ref. 17 ) and the Spalding-Chi method

(Ref. 5).

The Sommer and Short method was applied in a very si-

milar fashion to the laminar Eckert reference method. However

the Sommer and Short reference temperature is given by :

T* T (1 + 0.035 M2 + 0.45 (Tw/Tc - 1)) C.20

The turbulent recovery temperature is given by

Tr = Tc + (Pr) 1 /3 u2/2c C.21
c p

The incompressible skin friction law used was the

Karmrn-Schoenherr implicit equation (Ref. )

/0.242
"log(Re c)

0.557 cf.

and C f C+23
f 0.557 +2(cf1)1/2

C f' is the average skin friction coefficient and cf is the local

skir friction coefficient. The u•love simple equation is a best
AM
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fit to the universal skin friction curve.

There is much uncertainty about the value of the

Reynolds analogy factor, kE (sce Ref. )o An average valueof

kR a 1.08 vas chosen for this study. In the turbulent version

of equation C.19, the Mangler transformation factor, k., has a

value of 2 (Bef. 14).

The Spalding-Chi method (Ref. 5) vas applied by ob-

taining the localskin friction, cf, from the tabulated data

given in Ref. 5 using input values of Re (turbulent version of

equation C.19), K and T' = TvITc. A quadratic series vas used

to calculate Cf(Re).

The heat transfer equation used vas -

cf%'• ~cp • R ('r " V

IA

3o

I

I•

I

||

I:

I

_j

i o
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HEAT TRANSFER RATE ON CONE RUN 205, AT 0. I4SECS FROM PEAK,
ALPHA- 0.0, DEGREES, TIP AT 0,4OIN ABOVE CENTRE LINE

EQUIVALENT PERFECT CONDITIONS
TO a 0,320483E Ok DEG K
P0 v 0.6MM708E 05 PSI
M - 0.2,00050E 02
THETC - 0.5,00004E 02 DEG
TW - 0.2,9SOOOE 03DEG K
PR - 0,715009E 00

FREE STREAM CONDITIONS (11) AT TIP OF CONE

T a 03.95462E 02 DEG K
P - O,1I2700E-01 PSI
RHO - 0.5L2544E-0O4 SLUGS/FT**3
U a O, S11607E 04 FT/SEC
MU m 0,508279E-07 LB*SEC/FT**2
RE - 0,269140E 07

CONE CONDITIONS AT TIP (EQUIVALENT PERFECT)

TE - 0.2,2781M.E 04 DEG K
PE - 0,4.99599E 01 PSI
RHOE -0.g.8863E-04 SLUg$/FT&*3

212 2E FT/IF

ME a 0.,.44745E 01
MON-DIMENSIONAL PRESSURE lOEFFTS. NiEWTONIAN= 1.L.73, TANGENT CONE= 1.2.A9
SHOCK ANGLE TO SURFACE* 7.43 DEGREES
REAL GAS VALUE, CP 0.3,884E 01

CALCULATION OF HEAl TRANSFER IN ZERO PRESSURE GRAOIENT

REYNOLDS ANALOGY FACTOR - 1.100
REF. 'TEMP.,. ECKERT - 1469.1, SOM-SHORT a 1552.7, DEG K

X Q STU/SEC/FT**2 CFKS Q BTU/SEC/FT**2
TURBULENT TURBULENT LAMINAR

0.5,00 0,1.31718E 03 0.8.76370E-02 0.121495E 03
1.000 0.1U1488E 03 0.7.A1775E-02 0.839104E 02
1.500 0o1,O1586E 03 0.6,75890E-02 0*7.01455E 02
24000 0.9,52803E 02 0.6,33935E-02 0,6.07478E 02
2.500 0.9,07552E 02 0.6.03828E-02 0.5.43345E 02
3.000 0.&72758E 02 0.580677E-02 0.*4600bF- 02
3.5,00 0.&41764E 02 0.5,62052E-02 O.*.59210E 02
4.000 0.821512E 02 0.5A46582E-02 0.429552E 02

CALCULATION WITH CORRECTION FOR CONICITY

X IN RE PE CP(NEWT) CP(TC) Q(LAM) Q(S-S) Q(S-C) THETS
0.5*0 0.1,A3$E 05 4..Z5 1.152 1.226 120.0.81 130.1.45 73.0.86 7.s3
1.000 0.2A4SE 05 4.7.2 1,1.31 1.2,03 83.190 108,7.79 64.9*8 7.2.5
1.500 0,ok3khE 05 4.53 161,10 1.1.31 67,•.65 97.A61 60,,09 7,1.6
2.000 OS. 05 40t.6 1.0,89 1.1.59 57,U2 90,6.4C 57,7,24 7.4t7
2.$e0 O0.7281E 05 4.3,4 1.0.69 1.1.37 51.131 85.187 55.5,58 5,11
3.000 0.8772E 05 4.2.2 1.050 1.1t16 1..,093 80.1.47 53.&20 6.99
S..l00 0,1,t26E 06 4.1 1.0,30 1.095 42.1036 77.2.18 52.3.65 6,&1
4.00 0.,L177E 06 3,92 1.0,11 1,74 . 38..13 74.488 51.109 6.7,2
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APPEIDIX D

Heat Transfer on a Sphere and a Blunt 500 Half-Angle Cone

Stagnation point heat transfer

The theory of Fay and Riddell (Ref. 1) is used to

predict the stagnation point heat transfer. The formula used is :

0 a06p ii .1 du ,

0.T63 Pr 1 )OtS( 40-1.) (Teo e- ih

Using a modified Nevtonian theory, the velocity gra-

dient at the stagnation point of a body vith radi'is, R n is

given by

du

1where p is the stanation pressure. Subtscript refers to
Sconditions just outsile the boundary layer, subscript v to wall

conditiono and asu)cript 0 to the stagnation point.

The total enthelpy b was assumed equal to the value

in the nozzle reservoi't, calculated for reel nitrogen from the

measurements of po and To. The wall enthalpy h was taken with

sufficient accurazy to correspond to Tw - 2930K. The viscosity

of nitrogen wav found from Butherlavd's formula (Eqn. C.6) with

the value of Tee the static temperature behind the shock calcu-

lated from hk taking into account the departure Zrom a perfect

gas due to vibrational excitation (Ref. 14). The stagnation
point pressure, Pt, was measured and the densities pa, v

were then obtained from and T , Tv usino the perfect ge~

law. A Prandtl number of 0.715 was assumed,

Curves taken from the Lees similarity theory (Ref. 3)

ire used to predict the heat tranefer rate, in relation to the

stagnation point heat transfer downstream of the stagnation

poiut for thee body shapes.

I
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TABL'E i. 'POSITION OF IM.1STlZUMNTATION

MODELS A, ,f. S ARE GIVEN IN FIG6.

MODEL C

GAufiE a S14 5 .12

s it, 0.% Ms 1.9 Zs75 453.-s5 4.W fVS &.

5/&•. 045 1-15 IAI 2MA I .1s 31 t A-S. isI ;7.1 ItU
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LONGSHOT TEST CONDITIONS, RUN NO.285 AT 7.6, IN..FROM NOZZLE EXIT,
AND 4,6, FROM CENTRELINE

T(OMS) PO(PSI) TO(K) PITOT(PSI)
flACK NO POP(PSI) TOP(K RE/PT
P(PSI) T(K) RHO V(FT/SEC)

QD(LB/FT**2) Q(BTU) TT2R(K) CONPENSATIOV

0.0.00 0.5183408E 05 O.Z40516E 04 0.806696E 01
19.7Z18 0.6.88585E 05 0.3.09855E 04 0.297866E 07

0.158789E-01 0.3.93400E 02 0.181817E-04 0.&27392E 04
0.6.22343E 03 0.6.87024E 02 O.Z64564E 04 0.3.59004E 02

LONGSHOT TEST CONDITIONS, RUN NO.Z91 AT 7.2. IN. .FROM NOZZLE EXIT,

AND 4.4. FROM4 CENTRELINE

T(MS) PO(PSi) TO(K) PITOT(PSI)
MACH NO POP(PSI) TOP(K) RE/FT
P(PSI) T(K) R!HO V(FT/S':)

QD(LB/FT**2) Q(BTU) TT2R(K) CONDENS InN

0.0.09 0.3.76553E 05 0.222629E 04 0.5.36936E 01
19.2*08 0.4,#32278E 05 O.Z74521E 04 0.229039E 07

0.111158E-01 0.3,67024E 02 0.136425E-04 0.778524E 04
0.,413437E 03 0.4,85692E 02 0.231505E 04 0.346679E 02

LONGSIIOT TEST CONDITIONS, RU;A 10.292 AT 8.5. !IN. *FI)'1 !if)ZZLE EXIT,
AN'D 4.q. F'10'1 CE!'T2%ELI;IE

T('iS) Po (PSI) TM() P! TqT(PSI!)

;iACII :0n POP(PSI) TOP(K) /FT
P(PSI) T((K) R'W) V(FT/SEC)

Q")(Lg/FT**2) n(jTUJ) TT2,(K ) CT'IrWr'ISATI TI

O.AOOn n.579779E 05 n.2.34q36E nf4 n.292399E 12
15.125 11.6.82901E 05 0.302oq4E 04 ',.6.13917E P,7

0.9.76932E-91 f.6.,6P,'. 02 P.681124E-04 fl,.813361E 04
0.2.25301E 4 0.4126923E 03 0.256365E 04 0.437353E 02

TABLE 3 TYpiCAL TFr.ST SrC.TION CONDITIONS

7

___ - -,=! ~ - - ~
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